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We explore nitric oxide (NO) effect on K + in channels in Arabidopsis guard cells. We observed NO inhibited K + in currents when Ca 2+ chelator EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid) was not added in the pipette solution; K + in currents were not sensitive to NO when cytosolic Ca 2+ was chelated by EGTA. NO inhibited the Arabidopsis stomatal opening, but when EGTA was added in the bath solution, inhibition effect of NO on stomatal opening vanished. Thus, it implies that NO elevates cytosolic Ca 2+ by activating plasma membrane Ca 2+ channels firstly, then inactivates K + in channels, resulting in stomatal opening suppressed subsequently. Nitric oxide (NO) is a free radical gas with well-characterized signaling roles in mammalian systems, acting as second messenger during vasorelaxation, neurotransmission, immunity, and cytotoxicity [1] . Evidence increasingly points to a role for NO also in plant development, stress responses, and programmed cell death [2, 3] . In plants, NO signaling involves cGMP, cADP ribose, Ca 2+ , salicylic acid and protein kinases. There is also extensive overlap and cross talk with H 2 O 2 signaling [4] .
Stomata are pores that form between pairs of specialized cells, called guard cells, and they are found on the epidermis of all aerial parts of most higher plants.
Opening and closing of stomatal pores are mediated by turgor and volume changes in guard cells, which are driven by the accumulation (during opening) and loss (during closing) of osmotically active solutes (KCl and/or other K + salts). Many studies have shown that ion channels play important roles in turgor regulation in guard cells [5] [6] [7] [8] . Inward-rectifying K + in channels in guard cells have been proposed to contribute to K + uptake during stomatal opening [9, 10] . The apertures of stomata were reduced when inward K + currents were inhibited [11] . Regulation of nitric oxide on ion channels in guard cells was reported in plant Vicia faba [12] . However, effect of nitric oxide on ion channels in Arabidopsis guard cells has not been studied. Since there were evident differences in abscisic acid (ABA) regulation on anion channels between Vicia and Arabidopsis guard cells [13, 14] , we should explore if there exists some difference in NO effect on ion channels between the two types of plants.
In this work, we used patch-clamp technique to investigate inward-rectifying K + in channels regulation mechanism by NO.
ARTICLES

INORGANIC CHEMISTRY
grown in a controlled environment growth chamber for 4-6 weeks, and guard cell protoplasts were isolated as described [14, 15] . In brief, two Arabidopsis rosette leaves (2 cm long) were blended in a blender in cold (4℃) deionized water three times, 20 s each, and collected on a 292-μm mesh. The epidermal tissue was then incubated in 10 mL of medium containing 1.3% cellulase R10 and 0.7% macerozyme R10 (Yakult Honsha, Tokyo, Japan), 0.5% BSA, 0.5 mol/L D-mannitol, 0.1 mmol/L KCl, 0.1 mmol/L CaCl 2 , 10 mmol/L ascorbic acid, and 0.1% kanamycin sulfate at pH 5.5 (with Tris) for 16 h at (22±2)℃ on an orbital shaker (60 r/min). Isolated guard cell protoplasts were then collected, washed twice and stored on ice for use.
Data acquisition and analysis
Patch clamp electrodes were prepared from soft glass capillaries (BJ03, Beijing), and pulled on a multistage puller (model PP-830, Narishige Instruments, Japan). Conventional whole-cell voltage-clamp was performed [16] . Giga-ohm seals between electrode and plasma membrane were obtained by suction and usually appeared within 2-3 min. Cells were pulled up to the bath solution surface to reduce stray capacitance. Whole-cell configurations were established by applying increased continuous suction to the interior of the pipette [17] . Guard cell protoplasts were voltage-clamped by using Axopatch 200B (Axon Instruments). Data were analyzed by Clampfit (9.0) and MICROCAL-ORIGN (5.0). Data are the mean±SEM.
Solutions
The pipette solution 1 contained 30 mmol/L KCl, 70 mmol/L K-glutamate, 2 mmol/L MgCl 2 , 10 mmol/L HEPES, 5 mmol/L MgATP, pH 7.1. The pipette solution 2 contained 30 mmol/L KCl, 70 mmol/L K-glutamate, 2 mmol/L MgCl 2 , 10 mmol/L HEPES, 5 mmol/L MgATP, 3.35 mmol/L CaCl 2 , 6.7 mmol/L EGTA, pH 7.1. Free Ca 2+ concentrations in pipette solution 2 was calculated near 0.2 μmol/L after accounting for ionic strength, temperature, and other parameters with Chelator software (Theo J.M. Schoenmakers, University of Nijmegen, The Netherlands). The standard bath solution contained 30 mmol/L KCl, 40 mmol/L CaCl 2 , 2 mmol/L MgCl 2 , 10 mmol/L MES, pH 5.5. Osmolalities of all solutions were adjusted to 485 mmol/kg for bath solutions and 500 mmol/kg for pipette solutions by addition of D-sorbitol.
Stomatal aperture measurements
Arabidopsis rosette leaves in dark were detached and floated in solutions containing 5 mmol/L KCl, 10 mmol/L Mes-KOH, 50 μmol/L CaCl 2 , pH 6.15. Leaves of similar size and age were used in similar experiments to compare controls and various treatments. 100 μmol/L SNP (Sodium nitroprusside, NO donor) was added to the solution to assay for stomatal opening. Exposed to light at a fluency rate of 150 pmol·m −2 ·s −l for 2 h, two leaves were removed and briefly blended. The epidermis was collected on a nylon mesh (292 μm) and placed on a microscope slide. Stomatal apertures were observed with a digital video camera (model DXM-1200F; Nikon, Tokyo) attached to an inverted microscope (TE2000-U; Nikon, Tokyo). The width of the stomatal aperture was measured using image analysis computer software (Scion Image; Scion Corporation, Frederick, MD; and National lnstitutes of Health, Bethesda, MD). n = 90 for each treatment. Data analyses including statistical t tests were performed using Microsoft Excel software (version 5.0; Microsoft Corporation, Redwood, CA).
Results
NO inhibited K + in currents
In Arabidopsis guard cell protoplasts, when the membrane potential was held at −40 mV and pulsed from −180 to 0 mV in 20 mV increment, the inward-rectifying K + in currents were observed (Figure 1(a) ). We used the membrane-permeant NO donor SNP to observe NO effect on K + in currents. When 100 μmol/L SNP was added to the bath solution, the K + in currents were suppressed evidently (Figure 1(b) ). Figure 1(c) shows the steadystate current-voltage curves of K + in currents before and after SNP treatment.
K + in currents were not affected by NO when cytosolic Ca 2+ was buffered
When 3.35 mmol/L Ca 2+ and 6.7 mmol/L EGTA were added in the pipette solution, the cytosolic free Ca 2+ was held at a constant concentration of near 0.2 μmol/L.
When the pipette solution 2 was used, the K + in currents did not change significantly after 100 μmol/L SNP was added in the bath solution (Figure 2 
